The influence of the solvent on the binding energies to DNA of six nonIntercalating antibiotics -netropsin. dlstamycin-3. dlstamycln-2. SN 18071. berenil and stilbamidine -is evaluated by combining the effect of the first hydration shell with that of bulk water. The first effect is computed by a methodology based on a spherical/point dipole model of water and limited to electrostatic interaction energies. Hydration shells are obtained which are energy optimized with respect to both water-solute and water-water interactions for the complexes and for the isolated ONA oligomers and ligands. The method allows even very large complexes to be studied in reasonable computation times. The second effect is introduced via a cavity treatment. It is shown that if the vacuum interaction energies already predict correctly the preference of the ligands for the minor groove of AT squences of B-ONA. the introduction of the solvation effect is indispensable for reproducing the order of affinity of the ligands and for bringing the values of the complexation energies into close agreement with experimental data.
INTRODUCTION
The interaction of DNA with non-intercalating ligands has been widely studied experimentally for many years (1. Chemical formulas of the llgands studied.
problems remained, however, to be solved. In the first place the interaction energies obtained in vacuum do not necessarily reproduce correctly the order of the ligand affinities observed experimentally. This aspect of the problem will become particularly evident later in this paper when the results of computations for four more compounds will be presented. In the second place, the theoretical interaction energies seem much higher than indicated by the experimental value available for one of the compounds investigated (vide Infra).
The most obvious reason for these discrepancies appears to be the omission of water in the theoretical evaluations and this paper is intended to remedy this situation by including explicitly the solvent effect in the computations.
METHODOLOGY
That water must play an important role in complex formation becomes clear when it is recalled that sites on the nucleic acid and on the ligand which can strongly Interact with one another are often also sites that can be readily hydrated. Nucleic Acids Research least, weaken the binding of rather distant water molecules due to its electrostatic influence and it may similarly enhance binding at other sites.
<3>
The effect of solvatlon on the energetics of binding. Table 3 contains the details of the hydratton and cavity energies of the various complexes and of the isolated ligands. Table 4 hydrogen bond formation between the ligand and sites of DNA. We present in We may make a final remark concerning the possibility of the binding of the ligands investigated to the minor groove of the GC sequences. The values of Eyy In table 4 suggest that this should be feasible for distamycin-3. The corresponding high C50 value does not support this conclusion, but more recent experimental studies by Zlmmer et al. (28) have shown that distamycin-3 can indeed bind to poly(dG). poly(dC). It Is also Interesting to note that the latter study concluded that distamycln-2 could not bind to this sequence, which is again in correspondance with our theoretical predictions.
CONCLUSIONS
We have proposed a method for studying the hydration of DNA oligomerligand complexes which requires only reasonable computation expense. Its application to a range of non-intercalating ligands has led to a very encouraging improvement of the correlation with experimental results for binding in solution.
Comparisons of both the specificity of given ligands for different grooves and different base sequences of ONA and of the relative binding energies of different ligands are well reproduced.
Several points of general interest concerning complexatlon in solution have come to light as a result of this study. Firstly, the change In the hydration of DNA as a result of ligand binding does not correspond to a simple sterlc displacement of water. The electrostatic effects of the ligand must be considered, especially when it is charged, and these effects can be quite long range. Secondly. it seems that no single property of the ligand. such as Its hydrogen bond forming capabilities, can be used to predict Its binding strength. Lastly, the final complexation energy in water appears to be a very subtle balance of many effects. Strong ligand binding in 'vacuum" need not imply strong binding in solution since the dehydration of ONA and of the ligand are of considerable Importance as is the reduction of the cavity consequent to complexation.
ACKNOWLEDGMENT
This work was supported by the National Foundation for Cancer Research (Bethesda. M.D. . USA) to which the authors wish to express their thanks.
